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5.1, Non- Fluxed Reactions

Experiments were carried out to examine the effect on the
nianganese recovery with time on the initial temperature as
measured by the control thermocouple for temperatures of 14500,
‘15000, 1550° and 1600°¢, Figure 35 shows that the initial temperature
had little effect on manganese recoveries and the reduction reaction
appeared virtually complete within a few minutes from the start of
the reaction. The ratio of plant alloy to non-fluxed ore was chosen as
1to 2 because this ratio approximates that used industrially, A

ratio of 6,7 to 10 would be requirad to supply the stoichiometric

amount of silicon in the 22,46 per cent 8Si ferromanganese-silicide

' required to reduce all the manganese and iron oxides to the metallic

state,

There were no marked increases in manganese recovery from
the slag to the alloy phase with increasing temperature, This was
probably due to the exothermic reaction giving the initial temperature
increase discusged in Section 4., 6, which made it difficult to distinguish |
between the effect of variations in initial furnace temperature as
measured by the control thermocouple, Thus the initial tempe rature
of the control thermocouple was held constant at IBOOOC and all

subsequent experiments were performed at this temperature.

Figure 36 compares manganese recoveries and final alloy
silicon contents for the standard reaction titme of 15 minutes when both
stoichiometric and standard silicon additions are used in the form

of plant alloy,

5, 2, Fluxed Rgactions

The use of lime or magnesia as {luxing additives has been shown to
increase the activity of MnO in a manganese - bearing slag, In plant
operations, about 20 mass per cent of lime is added to the manganese

ore and for a particular alloy - to - ore ratio,the use of fluxes gives
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Figure 35 Manganese recovery with time for various initial reaction temperatures,
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greater manganese recoveries and lower silicon levels in the

final alloy’as shown in Figure 37.'

| A comparison of manganese recoveries for the non-fluxed
reduction and the reduction for stagewise lime additions is shown in
Figure 38 for reactions using stoichiometric amounts of plant silicide,
An increase in manganese recovery of about 5 mass per cent is noted
after 5minutes when 20 mass per cent CaO is introdnced to the
system, No further significant increase in recovery is shown

beyond this time and the reduction reaction appeared to be substantially

complete after 15 minutes,

Reaction times of 15 minutes were chosen for subsequent
experiments but during these small scale experiments with stagewise

lime additions, temperature control of the reacting melt was difficult

due to the introduction of a relative large mass of cold lime, This led

to lower melt temperatures and lower manganege recoveries when

compared to the lime ~ ore premelt practice.'

CaQ additions were varied at differing alloy ~ to ~ ore ratios to
establish the extent of manganese reduction from slags contacted with
different alloys and containing different amounts of flux, These results
are ghown in Figure 39 In the high alloy - to - ove ratio reactions,
as the lime addition is increased, theve is a corresponding increase
in manganese recove ry.’ However with low alloy « to « ore ratios,
as the lime addition increases the manganese recovery passes through
a maximum, In all of these reactions there is a decrease in final

alloy silicon concentration with increasing Ca®O content of the slag.'

Experitmental work on the effect of replacing CaO by MgOQ was
carried out to determine the effect of partial or total replacement of
CaO by calecined dolomite, Fluxing of the reduction reaction by the use

of MgO alone was also considered.

Two values of recovery are shown in Figure 40 but for the addition
of more than 20 massg per cent MgO, it was not possible to melt
the Mamatwan ore -~ MgO mix even at a temperature of 1550°¢C,

These two recovery values do indicate that the effect of increasing
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; MgO additions is to increase the manganese recovery, although ; ;
i . ? o - it can be observed in Figure 40 that at any level of flux addition, as
g MgO replaces CaO there is a decrease in the manganese recovery. ; 3 |
; : : : Figure 41 shows manganese recovery as a function of the : u
% ’ : L - CaO - to - MgO ratio at a constant flux addition of 40,mass per cent, &
» | x = ~ There is a decline in manganese recovery when the CaO - to - MgO ratio
i+ - salls below 3. ~_ | | E
The final fluxing addition was a calcined dolomite of the
Transvaal Dolomite Series, The analysis of this calcine is given f g SRR ﬂ
in Table 3. Figure 42 compares manganese recoveries when both :
lime and calcined dolomite are used as fluxes at two different alloy - |
to ~ ore ratios, For any particular alloy ~ to - nre ratio, calcined dolomiite
: :
| B gives a siight loss in manganese recovery compared to the corresponding
] , amount of CaO, If an alloy ~ to - ore ratio of 1 to 2 is used as in ‘
| . industrial practice, the difference in recoveries is only about 2 mass pex
| | cent and so use of dolomite might well be economically feasible
prcwidéd it results in a fluid glag and easy arc furnace opexation.' i f
5.3  Reactions Involving Variations in the Mass and Composition of ;
Reducing Alloy L

1 o Manganese recovery increased progressively as the mass of the

industrial ferromanganege~gilicide alloy was steadily increased as 4

gshown in Figure 43, Figure 44 shows the mangunese recoveries and

final alloy silicon levels obtained for variations in the silicon
~content of the alloy for an alloy ~ to - ove ratio of 1 to 2, The

corresponding iron » o «~ mangenese ratios for these synthetic

alloys are shown in Table 5 and all experiments were conducted at
1500°C for 15 minutes,

; , ‘
Lo ‘ Data for the silicotherrnic reduction of Mamatwan ore at
increasing alloy « to - ove ratios are given in Figures 45 to 49,
| L Figures 45 ar © 46 show the ¥ecoveries of manganese when various
‘ grades of ferromanganese gilicide and ferrosilicon are used, In i

both cases maximum recovery is achieved for a 60 masgs per cent
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TABLE 5
SYNTHETIC FeMnSi REDUCING ALLOYS
Silicon (%) Fe~to-Mn ratio

5 0,118

10 0,175

15 | 0,134

20 0,143

30 ‘ 0,167

40 0,200

50 | 0,250

65 : 0,400

80 1,000

90 0,000

1.00 0,000

silicon alloy, This substantial change in manganese recovery is
even more marked when silicon metal is used as the reducing

agent (Figure 49),

For small amounts of reducing agent, a steady increase in

manganese recovery is obtained with increasing initial mass of silicon,

In these cases, separation of the slag and alloy is very good and a very

dense alloy is produced, For additions of more than 5, 5 gramsg of
s‘ilicqn, a decrease in manganese recovery is accompa.nied by poor
separation of the slag and alloy and the alloy becomes more spherical,
This phenomenon is illustrated in Piguve 50, The large scatter

in experimental results around this transition ran’ge’ suggests that

manganese recoveries are very sensitive to small alterations in

~experimental conditions,

The use of aluminium as reducing agent together with silicon
wag investigated by reacting Fe-Mn-Si~Al alloys with a lime-
ore melt containing a CaO addition of 20 mass per cent, The mass
of silicon was kept constant and the aluminium content was varied.
For a constant mass of silicon the ratio of manganese in the ore
sample to silicon in the alloy ig initially set at a value equivalent

to that used industrially.‘ From the variation of the aluminium content
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of the reducing alloy it is possible to determine the improved recoveries,
Figure 51 shows the manganese recoveries and the residual silicon
levels in the final alloys, Final alloy aluminium contents were not

plotted as the maximum value was only O, 3 mass per cent,

5.4 Stirring of the Reacting Melt

Stirring of the manganese - bearing slag has been conducted
for an unfluxed reaction using a plant ferromanganese silicide alloy,
Figure 52 shows that there is a decreass it manganese recovery with

increased times of stirring. Stirring also decreased inanganese

recoveries at specific alloy silicon contents. There was no sign

of physical entrapment of alloy particles in the final slag and
the reductions in manganese recoveries by stirring cannot be

explained on this basis,
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3
6 DISGUSSION
7 6.1 Variables Affecting the Distribution of Manganese and Silicon between
§ ; the Slag and the Alloy,
“ ; i
2 , i The many variables in the prodi..t.on of medium. and low - carbon * : 1
i ferromanganese should be optimized to ensure that Mamatwan manganese “
' : ‘ ove is used efficiently: To carry out this optimization, it is necessary
z to stildy slag - metal reactions for the production of medium - and low -
; carbon fe rromanganese; The present inVestigation was aimed at i S 'g»n
k unde rgtanding industrial practice and the experiments were designed ‘5 = E
; to investigate important aspects of plant practice as much as was f
L } possible in small-scale experiments in the luboratory, It was anticipated 1
o . that the data obtained could then be compared and related both te * %
" | industrial practice and to more theoretical aspects of this slag ~ metal ‘ '
; reaction, | ’
k 1 = The slag » metal reaction involved a vielent silicothermic :
reduction reaction which caused a rapid and uncontrollable increase :
‘ , » in the tempera’cﬁre of the reacting melt, This rapid tempermture : , %
‘ increase and violent reaction caused melt agitation which increased R
: | the rate of manganese transfer from the slag to the metal, However as
it was impossible to maintain the melt temperature constant, no 1
i R ‘ - attempt was made to carry out a kinetic analysis of the rate of mangane se
,; and silicon transfer between the two phases, . %
; 6.1.1 Tempe rature ; |
/ Considerable t:emkperature variations were noted during the #
milicothermic reduction as shown in Figure 34. lhese temrperature ?
variations rust accelerate the rate of manga;m-m “rarvfer betwoen g
the slag and the alloy and the reaction reaches un arparsat eonilibrium i
within aporoximately two minutes from its commergeme ., Figure ;
5 35 ¢hows that manganese recoveries {rom the sluy ifex e 5 i
; marginally when the initial temperature of 2uction is vars.d from 1450 g’}
;
‘ :
i i
% j
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to 1600°¢c,

Daines and Pehlke (74) found that the rate of reduction of MnO
from basic slags by silicon dissolved in liquid iron for silicon
contents of up to approximately 4 mass per cent was controlled by
diffusion of manganese in the iron phase and that temperature had
little effect on the reduction rate, However, the tendency of increased
temperature to favour increased manganese recovery in the metal
may have been masked by evaporation in Daines and Pehlke's expe riments,

82)

who studied the equilibrium between blast«furnace metal and slag.'

The influence of evaporation was reported by Filer and Darken(

Thes;z workers found that at temperatures from 1500O to 160000,

manganese concentrations in the metal phase increased considerably and

then started to decrease whilst the MnO content of the slag continually
decreased, and Darken explained this observation by manganese
evaporation from the metallic phase with very little loss of aluminium
or iron even at 1600°¢,
o ) R o
At 1600 "C the vapour pressure of pure Mn <p?\/1n> is approximately

0, 045 atm, (65) and if, the Fe-Mn-~Si system is considered to be

ideal then for a Fe ~ Mn~Si alloy containing 65 mass per cent manganese

(XMn:: O, 53) the vapour pressure above this alloy is given by the
formula;
N N o o
pMn (X:Mn" 0, 53) = aMn(XMn- 0,53) x pMn(an 1) 6 1

Thus the vapour pressure sstablished by the manganese above

the alloy is O, 013 atm, (9, 88 mm I*Ig).’ at 1600°C, This vapour pressure
is very much greater than the vapour pressures of gilicon or iron

above this alloy and thus selective vaporization of maz{ganese may

have occurred, The manganese mole fraction in blast-furnace metal

is very much lese than that in the Fe-Mn~8i alloy and this effect should

(82

be even greater than in the work of Filer and Darken' ',

For reaction times of 60 minutes at various reaction temperatures,
manganese recovery declines to approximately 35 per cent This

slight decrease in 1« covery can possibly be partially explained by

R R 5
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mangainese evaporation losses which are very difficult to determine

e e . S g

in this two-~phase system during reaction,

 The observed decrease in manganese recovery over extended

time per.ods may also have occurred because of the achievement of .

. an apparent equilibrium for a 'higher temperature than the nominal ;

£ - furnace temperature. The silicothermic reduction reaction generates : :

~considerable heat within the reacting melt and the resulting increase in
melt terhpe;wature means that the manganese recovery is at least

partiallj' dependent on the melt tempe rature, As the melt temperature

gradually decreases, the apparent equilibriumn shifts to that for the &s
lower temperatures giving a lower manganese recovery. This type | k
& of behavf.our has also been reported by Filer and Darken(gz); o
No olivious increase in manganese recovery to the metal phase occurred
during the fixed reaction time of 15 minutes for an increase in ‘ ; '
temperature from 1450 to 1600°C and therefore, as previously stated,
1500°C was selected as the furnace temperature for all the
| subsequei;t experiments, | %’
6,12 Slag Basicity | WS
i ‘ ‘The ireaction for the recovery of manganese from a MnO rich slag
: . ‘ is |
i | - 2(MnO) + [5] = (510,) + 2 AR SRE 6.2 »
It is not poasible to predict the equilibrium distribution of manganese S
‘and silicon between the slag and the alloy because of the lack of
fundamental data on the activities of components in both the slag and ?
the alloy phases, *{
. b |
- Before the study of Warren 5’3,!,1_,_@_]_-,(7) no information had been
published on the activity of MnO in the five « component system ;
, CaO-M,gO~M110-A1203~5102,' However the quaternary system
! : ‘ CaQ—MnOuA1203~SiOZ had been studied by Turkdogaan) and Mehta ‘
| | et al*) o determined MO activities at 1500°C and 1650°G
*; res‘pec‘:ively,' The work of Warren gt al gave values for the activity '
{ of MnC for MnO concentrations up to 20 mass per cent in the 4
A
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~ constants can ke compared, Schenck et al

3--.‘51102 system,

To determine the activity of MnO in slags used in the production

of medium - and low - carbon ferromanganese, higher concentrations

of MnO must be considered and at preéent activity data is not

available at these higher concentrations, In addition data on the
activities of components in the Fe~Mn.Si and Fe-Mn-Si.C systems
have not been published..

To overcome the proble‘ms caused by this lack of fundamental data,

' (83)

an apparent equilibrium constant KMn Si has been defined
; o ,

from equation 6, 228

o , ; ‘
KMn..Si = jMnQ) / [Sl] ...... SRR 3
fvin] '

where concentrations are given in mass fractious,

The apparent equiliorium constant depends mainly on the manganese
distribution ratio which is close to its equilibrium value in practice,

(27)

whilst the silicon distribution is far removed from equilibrium .

Schenck g_t_,,a_l,(68' 69) used this apparent equilibrium constant to
'st‘ﬁd‘y the distribution of manganese between Mn-~Si~Fe alloys and
MnO containing slags over the temperature range 1450 to 1550°¢C,

As the conditions in the slag-metal study of Schenck 9_1*___@1 correspond
k‘clusely to those in the present j,n*ﬂre stigation, appareunt equilibrium

k (68, 69) found that
pseudo~equilibrium conditions were set up z:yapi‘dly between the MnO
in thé slag and the manganese in the metal phase and at a temperature

!
of IBQQOC 'KMn‘ si varied from 8,7 x 1()'“2 to 4,2 % 10"2 as the slag

‘basgicity ratio increased from O, 6 to 1, 6. Slag basicity ratio: was

defined as (CaO + 1.\/i,9,'O)/S,iO2 where all values of the congentrations -

of slag componsnts are expressed in mass pér cent,

Detailed summaries of the silicothermic reduction reaction for the
present investigation are shown in Tables 6 to 9 for considerable
variations in the amounts and types of fluxing additions and in the

. t
silicon conternts of the Tables 6 to 8 show valuas of KX . for this
; Mn-5i
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‘

Coo L ) ‘ investigation over a wider ratge of basicity ratios than that ‘ e
' ‘ s (68, 69) . )
‘ considered by Schenck' 9). The tables also show a lowering ¢
b in the apparent equilibrium constant with slag basicity increases . ' ¥
where values are similar to the range reported by Schenck.' s Sk
o A summary of the effects of types and quantities of fluxing additions e

on the apparent equilibrium reaction may be obtained from Tables v

6 tc 8, As the amount of basic fluxing component and hence slag

e e  basicity is increased at any particular alloy-to-ore ratio there is a

decrease in the value of the apparent equilibrium constant.'

The manganese distribution ratio is defined as (MnO)/ [M1] where

(MnO) represents the MnO content of the final slag and [IV[I‘_)] represents

the manganese concsentration of the final alloy and for the maximum

T S R e R R

R e s e

recovery of manganese from a manganese ore this ratio should be as

‘ low as possible. Similarly, the silicon distribution ratio is defined

e e i

; RN . as (SiOg)/ [51 where (Sioz) rgpresents the silica content of the
. ' final slag and [Sil the silicon concentration of the final alloy.' Ina i

refined ferromanganese, the alloy silicon concentration should be low

giving » high value for the silicon distribution ratio, : N

f BRI o To meet market specifications, industrial processes for the _ |
a | : production of medium - and low-~ carbon ferromanganese must %
; ; produce an alloy with a silicon content of less than 1, 5 mass pex cent !
| afndi a2 manganese content of approximately 80 per cent, At the same | ‘
3 time manganese must be extracted from the ore as efficiently as

1 | : - possible, ]

e ‘ I In practice, the gilicon and manganese distribution ratios are

O .  nuch that these two conditions cannot be satisfied gimultaneously. :

The ferromangansse producer normally decides to produce a highly

oL S >

refined alloy and to accept a higher loss of manganese to the slag,
 Hence, in industrial processes, it is move important to maintain

high values of the silicon distribution ratio than to maintain low

valuey of the manganese distribution ratio provided that the manganese

content in the alloy is maintained at approximately 80 per cent,

S Figures 54 vo 56 from the data in Tables 6 to 8 respectively show
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VL - Figure 55, Effect of the replacement of CaO by MgO on thé manganese
. distribution and silicon distribution ratios for a reaction with j
. an alloy-to-ore ratio of 6,7 to 10. s
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that a higr. :nanganese distribution ratio is associated with .
silicon distribution ratio whilst a low manganese distribution » *

is agsociated with a high silicon distribution ratio, These figu.

again illustrate the decrease in the value of the apparent equili.
constant as the basicity ratio of the final slag is increased by CaO
and / or MgO additions at a fiﬁced alloy - to ~ ore ratio. High basicity
ratios give low manganese distribution ratios although it is possible
that this effect is caused by the decrease of the final MnO content

of the slag owing to fluxing additions, Figure 54 shows that with
increasing alloy ~ to -~ ore ratios, both the manganese and silicon

distribution ratios decreased as the CaO flux additions were increased.

Tables 7 and 8 indicate that for a decrease in the CaO-~to~-MgO r,atid
thexe is an increase in the apparent equilibrium constant at any given
flux addition, This increase suggests that a higher manganese distribution
ratio is obtained although dilution of the MnO in the final slag does

lower the manganese distribution ratio if large amounts of flux are

“used. Figure 55 shows that the manganese distribution ratio decreases

for increasing CaO-to~-MgO ratios with a stoichiometric amount of

gilicon in the reducing alloy.‘

As CaO is replaced by MgQ, there is a decrease in the silicon
distribution ratio for all the levels of flux additions inve stigated;

As the amount of flux is increased the silicon distribution passes

i

through a maximum which indicates that there is a particular

range of basicitins for efficient silicide refining, This final slag

basicity range extends from a value of 1, 3 at low values for the

CaO-to~ MgO ratio to a value of 1,6 at a high £a0 -MgCQ ratio, No

maximum was obgerved in the silicon distribution ratio when pure CaO

‘was used as a flux and it can therefore be concluded that the MgQ

addition has a substantial effect on the silicon fistribution ratio when

large quantities of flux are used.

For large flux additions which reduced the CaQ.to-MgO ratio
there was a marked decrease in the silicon distribution ratio which

may be attributed to an increasingly less favourable veaction, This
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liquidus temperatures in the gystem MnO-.MgO-Al

decrease is considered to be caused by an increase in the slag liquidus

temperature and hence in slag viscosity as the MgO content of the slag

is increased to above 1O mass per cent, No data was found for
203~8102 except

who used liquidus data for the system

(7)

CaO.-MgO..AleQ«SiOz(Sl“ and showed that MnO in the quaternary

that of Warren et _al

system usually slightly lowers the liquidus temperatures by 30 to
40°C over the composition range investigated.. Thus the MnO
concentratib*ns in final fer:ﬁomanganese slags are expected to lower
the temnperatures of the liquidus surfaces in the CaO-MgO~A1 0. -8i0

273 2
system without affecting the overall configuration or relationship

‘between the curvatures of these surfaces, The phase diagram shown

(84)

reasonably good guide to the liquidus temperatures of slags on a

in Fipnre 57 from Osborn et al may therefore by taken as a
recalculated basis where the slag MnO content is omitted and the
concentrations of the other four components adjusted so that

Ca0 + MgO + SiO?-I- A1203 = 100 pexr cent,

Figure 56 shows the velationships of manganese and silicon
distribution ratios to the basicity ratio of the final ferromanganese
slag for a 1 to 2 ratio of industrial ferromanganesge ~ silicide to
manganese ove, This ratio is used in industrial practice when the
ferromanganese « silicide has a silicon content of approximateiy
22 masgs per cent which is lowered to less than 1, 5 mass per cent
during refining, The manganese distribution ratio behaves similarly
as for the additions of pure CaO or for the alloy-to-ore ratio of 6,7

to 10, The silicon dist ribution ratio also passes through a maximumnm

- which depends on the CaO-to~-MgO ratio of the flux, These plots

show that the optimum basicity ratio of the final slag lies between

1,4to1,8. Below a bagicity of 1, 4 refining is poor when a high magnesia

flux is used and above a basicity of 1, 8 there is a marked decrease

in the silicon distribution ratio because of the formation of slag
premelts which have high liquidus temperatures in excess of

1600°C for slag MgO contents greatex than 12 mass per cent and hence

(85)

higher viscosities of approximately O, 26 Ns/mzat 1500°¢ compared

to the usual values of approximately O, 15 Ns/mzy,f
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Comparison of Figures55 and 56 reveals that high alloy-to-~ore
ratios decrease the mau:grnese distribution ratio and the

silicon distribution ratio. Once again it must be stressed that the

gilicon distribution ratio is the mast important factor in the production

Lo of a marketable fe rrotnanganese alloy and this ratio should be

g S

maintained as high as possible. ;

. Figures 54 to 55 show the various distribution ratios and apparent

equilibrium conditions obtained for the complete sequence of fluxing

R 5 et S Y i

additions studies. An additional aspect which was investigated was

the reacti . between an unfluxed manganese ore and a range of

ferromanganese - silicide reducing alloys containing up to 1CO mass per

cent silicon, Cnmparisons of silicon and manganese distribution ratios

give information on the optimum silicon content for the reducing alloy

to extract manganese from its ore and to produce a refined alloy. “‘
Although plant practice will almost certainly continue to b hased on

the use of an alloy containing about 20 per cent silicon, the laboratory

i study considered different alloy - silicon contents to suggest

alternative: possil”’ .les and to explore their thecretical implications,

¢ AR R s 75 o g g0
b

The results of thig study are shown in Table 9 and Figure 58

: 'b + . P L] '

which are derived from Figure 44 in the results, The values of the
o )

: Mn-5i

: R ' ig observed as the reducing alloy silicon countent is increased to

a A
S e

i apparent equilibrium constant show that a slight increase in K

65 mass per cent, However the manganese distribution ratio does

St vt =T

not inducate the extent of slag refining as the manganese content in the

initial alloy was not kept constant (Table 5). The silicon distribution

ratio decreases with increasing silicon content of the synthetic ferro -

T AR T e SRR P Y

o, A A ke

! d 4 . * .
manganese, Hence a low silicon alloy should be utilized in the extraction

e i s

‘ process to produce the most refined alloy,

o

An unfluxed silicothermic reaction using a 22, 46 mass per cent

ST

DT P silicon alloy at an alloy-to-ore ratio of 1 to 2 gives a silicon

distribution ratio of approximately 9, as shown in Figure 54, To

T T T

achieve this silicon distribution ratio when synthetic silicide alloys TR,

are used an alloy containing slightly in excess of 20 mass per cent
silicon is necessary and this conclusion is in agreement with present

industrial practice, Figure 58 shows the rapid decline in the
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silicon distribution ratio as the silicon content of the reducing alloy

is increased from 20 to 30 mass per cent, This shows thai to achieve
the same composition of the refined alloy as in industrial practice |
with a silicide alloy con'' = ™ ; almost 30 mass per cent silicon,

the ratio of the alloyt i .anganese ore premelt must be lowered.

6.1.3 Individnal Flwung Additions

6.1.3.1 No Flux Additions

Figure 36 shows the effect of two different alloy«to.ore ;*atios on
manganese recoveries and alloy silicon content for non « fluxed reactions,
For a particulay alloyntd\uore ratio the resulting munganese and silicon
distribution ratios depend on the fluxing components and the

residual silicon content of the final alloy.' To reduce all the

manganese and iron oxides to manganese and iron respectively, the
stoichiometric arnount of silicon required is that present in the reducing
allox gor an alloy~to~ore ratio of 6,7 to 10, In industrial practice the
alloy~to~ore ratio is 1to 2 to ensure that the required low silicon

levels will be obtained in the low-carbon ferromanganese.'

The values of the apparent equilibrium counstant in Table 6 confirm
that with lower alloy-~to~ore ratios the silicon conteat of the final
alloy is lower, During the veduction reaction the activity of the MnO
in the slag continually decreases because its concentration is reduced
and, at the same time, the Sioa content of the slag is increased, The
activity of the MnO is lowered still further because the an+ ions in
the slag become associated with polyanions made up of silicate anions
SiOi“",
decreased and their effective ionic fraction is lowered, As the silica

and thus the humber of less strongly associated Mn~ ' ions is

activity is lowered,, the silicon content of the ferromanganese - silicide
reducing alloy is reduced until an apparent equilibrium is approached
between the ferromanganese alloy and slag.' Thug the activities of the
reacting components and their dependence on slag and metal compositions

must be studied to establish the nature of the final apparent equilibrium.'
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: although the slag liquidus *empe ratures are generally lowered.

Al

: W‘collacott et al found that for slags similar to those produced mdustr:tally

6.1,3.2 Alumina 111

t

The composition of the slag premeit will chan~e “ccause of dissolution

of A1203 and it is necessary to discuss the effect ot A1203 additions
on the activity of MnO in the slag, the slag viscosity and the slag

liquidus temperatures; It has aiready been maintained that, for a constant
concentration of MnO in the slag, at a fixed value of the CaO-»to’-AMgO

ratio (4, 57) and at final values of basicity ratio over the range O, 9 to

1,66, there is very little change in the activity of MnO for changes in

AL,O concentration from 10 to 20 mass per cent,

273
In addition, thexre is no appreciable change in the liquidus temperatures
over this composition range for the quaternary system CaO-MgO- Al O, -

3
S'O (8 ). Similar trends occur when MnQ is present in the system

E e B A T ol M

Al O has been shown by Woollacott et a1(8‘$) to have aﬁ
insigniﬁcant effect on the slag vmscosﬂ:y. However it was shown that ' !
203 does affect the influenc:é of the basic oxides on the visccsity' :
in the low.carbon ferromanganese process (5 mass per cent MgO, 30
mass per cent MnO and CaOAuto.-MgO ratio of 1,28) the slag viscosities
measgsured at lBOOOC, were 0,11, 0,15 and O, 21 Ns /m}3 as the slag

Sif)z content increased from 27 to 32 and to 37 mole per cent respect:ively:
6,1,3,3 Lime .

CaO is extensively utilized in the production of medium ~ and low~ carbon
ferromangancge to increase the activity coefficignt of MnO and to

reduce the slag viscosity by breaking up the silicate network, However
excessive CaO markedly increases the slag liquidus temperatures and .
the slag viscosity is increased at any constant temperature with the
consequence decrease in the rate of reduction, The effect of increasing
CaO concentration on slag liquidus temperatures is illustrated by the :
guaternary system Ca.OmMgO»eAlzoawSiOz(M)' (Figure 57) which shows ;
that at slag MgO contents of less than 15 mass per cent, increasing the
CaQ content of the slag from 40 to 50 mass par cent increases the !
slag liquidus temperature from approximately 1500°C to 1450°C.

Further increases in the CaO content in the slag, particularly at slag

MgQ contents of less than 10 mass per cent, result in sudden increases L

in the slag liquidus temperature to above 1600°G at CaO contents of

55 masgs per cent. . !
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The activity of MnO should be maintained as high as possible throughout
the reduction reaction to efficiently extract manganese from the manganese
ore premelt X During the reduction reaction, the MnO activity in the
slag is continually decreased because of the presence in the slag of
+

. . 2
SiO:’“ ions and the polyanions which are then associated with the Mn

and Oz'-ions from the MnO .‘

‘ Low .
Ca0 is the more basic oxide . and when it is introduced into the

(86)

slag system it liberatesmore OZ*ions than MnO . 'I‘he.SiO‘i:a ions
and other polyanions associate preferentially with Ca2+ ions and the
activity of the MnO in the slag is increased, An indication from studies
on solid state systems that thig preferential’ association may take place
is the more negative standard free energies of formation of caleium
ori:ho;- and metasilicutes compared to that of manganese metasilicate
(Equations 3712, 3,15 and 3,16),

The activity of &' component in a multi-component system is
related to its activity coefficient and mole fraction by the formula;
EE |
a_ = N 6,4
b 8;& x )
where a_ = activity of a component x for a particular standard state,
Xx = activity coefficient of component x,

and Nx = mole fraction of component x,

Increases in the concentration of CaO in the slag increase the
activity coefficient of MnO in the slag melt at any particular concentration
of MnO, At the same time, increases in CaO additions to the slag
containing MnO will decrease the mole {raction of MnO, Thus although
CaO additions increase the activity coefficient of MnO, if excessive CaO

additions are made the MuQ activity may be lowered,

An unfluxed stoichiometric reduction reaction and a reaction fluxed .
with CaO are compared in Figure 37, For a reaction time of 15 minutes,
the basgicity ratio (CaO—I-MgO)/SiOz of an unfluxed Mamatwan ore melt
is decreased from 3, 5 to less than O, 7, A slag basicity ratio of O, 7

; . 2 4
favours the association of Mn  ions with 8iO

"1' ions and other polyanions

* It should be noted that the concept of slag basicity fox reactions involving
- ! ) & . . 1y ‘ i
0" ions may require further examination in view of Wagner's recent

¢ritical analyeis of this concept(87)'
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and leads to an eventual decrease in the rate of manganese re,co‘very"‘

so that this recovery tends towards a constant value,

A CaO addition of 20 mass per cent permits the establishment
of more favourable manganese and silicon distributions because of the
increase in the MnO activity of the slag: For fluxing additions of 20
mass per cent, the slag basicity ratio (CaO+MgO)/SiOz changes from
7,4 to 1,45 as the reaction progresses: The final slag basicity value
of 1,45 is in good agreement with the values of 1,3 to 1, 5 in industrial
practice(gs): The manganese recoveries of 40 per cent and alloy silicon
contents of 1, O mass per cent are also in good agreement with the

values of 45 per cent and O, 8 mass per cent obtained industrially(ga):

It has been suggested that in the melting of manganese ores, for
subsequent reduction by ferromanganese « silicide, flux additions need
not be made to the arc furnace immediately at the start of melting,

A suggested procedure to minimize powsr costs and flux consumptikon |
would be to tap the furnace content of molten manganese ore into a

reaction ladle, add reducing agent as solid ferromanganese - » ‘icide
, formed by

2 «
the reduction reaction., The heat for the dissolution of the flux would

and then add lime or dolomite in stages to complex the SiO

bve provided by the exothermic reductinn reactioun,

In the experimental study of the effect of stage-wise additions of
Ca0 an unfluxed reaction with an alloy.to-ore ratio of 6,7 to 10 was
permitted to continue for 5 minutes before flux was added, A temperature
drop of approximately 20°C was recorded by the thermocouple at the
top of the crucible wall, but the change in melt temperature would have
been greater.' Hence the CaO was not completely dissolvéd and the
manganese recovery decreased compared to that for a lime - ore melt
as shown in Figure 58 Consequently it is difficult to compare recoveries
obtained from  stage-wise CaO additions and lime - ore premelts in
small scale experiments unless care is takeh to preheat the CaO and
thus eliminate cooling of the melt, In these small scale tests, the
excess heat generated by the exothermic reduction is not sufficient to
maintain the melt temperature at a fixed value if cold fluxing additions

i
of the order of 20 mass per cent, are inl. vduced to the reaction melt,
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A similar effect might be observed on an industrial scale,

Figure 39 illustrates the effect of variations in CaO additions
on the manganese recovery from the slag.‘ For the reaction with the

lowest alloysto-ore ratio of 1to 2 very low concentrations of silicon

in the final alloy are obtained, From the data of Tolstoguzov(&), for

the Fe-Mn-8i-C system,correspondingly low values for silicon

activity can be expected, The manganese recovery plot relating to the
low alloy—.to‘more ratio practice passes through a maximum in recovery,
For increasing additions of CaO the present investigation indicates that
there must be an increase in the values of MnQ activity in the slag
below additions of 12 mass per cent, However at higher additions of
Ca0O, although the activity coefficent of the MnO will be increased(?),
lowering of the mole fraction becomes the predominent influence upon
activity of MnQ which is de creased, The activity of the silicon in the

reducing alloy is low because of the low mole fraction of silicon and

 bence manganese recovery tends towerds a constant value,

For higher alloy«do «ore ratios the sativity of MnO will eventually

~docrease because of excessive Cal additions but the silicen activity

in the alloy is sufticiently high to dwive reaction 2,5 closer to equilibrium.
Silicon activity coefficients are essentially constant in the Fe-Mn«Si~C

gystem and values of .log 10 for alloys containing 1,5 and 15 mass

Ui

_ bl 1
pexr cent silicon have been reported as 1,55, 1,82 and 1, 48 respectively ',

Consequently activity values of silicon in the FewMna8iuC syatem vary

almost directly with the silicon mole fraction,

Substantial increases in the slag liquidus temperatures do not
occuy at these high levels cnf‘ .CaO addition, This can be inferred from
the quaternary system CaO-MgO~Al,0 4510, given in Figure 57,
During the present lnvestigation the CaO content of the final slap
reached a maximum of 41 mass pew cent, On a recalculated basis,
when the glag MnO content is ignored, the maximum CaO content is
approximately 47 mass per cent and the MgO content is approximately
7T mass per cent, The liquidus temperature corresponding to this slag
5-810, system is 1500°¢

and with the introduction of MnO to the four component system slag

composition in the quaternary CaO«MgO».ALaO

s & () '
liquidus temperatures will be lower,
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MgO is similar to CaO in its effect on the activity of MnO in a
manganese slag premelt.' MgO is also a'network modifier! as it
reduces the average size of silicate polyanions in a s].ag.' The ‘ v*
Mga+ ions preferentially associate with 8104'" ions and increase |
the number of less strongly associated 'an " jons and as a result,
the activity coefficient of the MnO is increased, Equations 3,12 to
3,17 show several standard free energies of formation in the .solid
state which indicate with the higher basicities of CaQ and MgO than
of MnO (86) that there should be a tendency for Caz+axid Mg2+ ions to

be preferventially assoc'éat:ed with Siof“ ions and other silicate
polyanions such as Sizo,?“ and SiSO:;D“ , The number of less strongly r

24 L ;
associated Mn t ions in the slag will be increaged with a corresponding
increase in the activity coofficient of the MnO in the slag.’

As CaO is replaced by MgO for a particular mass per cent of flux,
there is an increase in the maole {raction of basic fluxing components
due to the lower molecular weight of MgO compared to CaO, Hence
the mole fraction of MnQ in the glag is reduced although no dilation has
oceurred on a mass per cont busis, Thug although increased MgO
additions increase the activity coefficient (7), the MnO activity doas not
necessarily increase. Warven gt al (7) found that for any given 41,0,
and SiC‘J2 content the activity coefficient of MnQ decreases as MgO
replaces CaO on 4 masas per cent basis at high Si@z levels, In the
mozxre basic slags such Bs those encountered in the production of
refinad ferromanganese the activity coefficient of MnQ increases initially
from approximately 2,0 to 2,2 until the vatio of mass pex cent CaQ to
mase per cent MgQ reaches about 4, Theso authors, however, indicate
that the increase in the activity of MnQ is samall in comparison with

the effect of increasing basicity,

Increased concentrations of MgO from 5 to 10 masgs per cent
in slags associated with madium « and low « carbon ferromanganese
production, lower slag viscosity from O,23t0 0,21 Ns /ma at IEOOQC.'
However, a limit to MgO additions is experienced at about 10 mass per

& o o . o
cent and therefore the slag viscosity, measured at 1500 C, increases to
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| 2 , 85)
0,26 Ns/m for 18 mass per cent MgO )

The reduction in slag viscosity for increased MgO contents in the
slag was shown by Woollacott 9355_1(85) to be less when SiO, was
replaced by A1203 at low concentrations of MnO in the slag.' At
high MnO concentrations ags the slag AIZO3 content increasec from
10 to 16 mass per cent, the slag viscosity increase with increased

MgO content is less marked,

The present study considered the effect of replacing CaQ by MgQ
to perhaps eventually replace CaO completely or partly with caluined
dolomite, The use of dolomite, which is abundant in South Africa,
could lead to vast savings in raw material costs if dolomite proved

satisfactoy. in practice.

Figures 40 and 4l show results obtained in this invest:igation,'
The use of high alloy ~ to «» ¢v2 ratios gives increased slag rofining
at any level of flux addition, Howsver, with. increased fluxing,
a recovery maximummn is achieved at alloy « to « ore watios of 1to
2 and 6,7 to 10, The maximum in manganese racovery was also found
to occur during the investigation of the effects of CaC additions on

manganese distrihution.

When MgQ is used as a flux, manganese recovery was increased as
shown in FPigure 40 and this effect can be explained by an increase in

the MnQO activity of the sla,g(?),‘ For Huxing additions of more than 20
mass per cont MgO, it was not possible to melt the Mamatwan ore » Mg O

mix even at a temperature of ‘155000.’

When Mgt replaced CaO the manganese recovery always declined
ot o fixed flux addition, Thie is because the mole fraction of MnO was
lowered as MgQ was substituted fox CaQ since Mg has a lower molecular
weight than CaO, As mentioned previously, Warren et 1(7)

Lot Y

have shown

a slight increase in the activity coefficient of MnQ as MgO veplaces

CaC, but as the mole fraction of MnO decreases with increasing MgO
additions, it appeas that the product of the MnO mole fraction and
activity coefficient results in a decreasing activity of MnO with increasing
MpgGQ additions,
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For large basiz fluxing additions, ‘ncreased liquidus temperatures
and viscosities hinder the silidothermic reduction, For low alloy « to «
ore ratios this effect was observed. at all ratios of CaO ~to -~ MgO. and

was . also noted when Ca0Q was used as therflu‘x.‘

Foxr the higher alloy - to p ore ratios of 6,7 tu 1O this decline
in manganese recovery at particularly high flux additions became more
obvious as the CaO , to « MgO ratio was lowared. The final slags
produced by such additions contained MgO concentrations of between
12 and 19 mass pen cent'MgO and as previouely stated these slags

are associated with high slag liguidus temperatures and viaccsities“’ 85)

Slags associated with low « and medium - carbon ferromangansse
production will contain Sioz concentrations of approximately 35 mass
per cent when recalculated on a mass per cent basis thus eliminating
the MnO, Figure 57 showa that CaO can be used up to concentrations
of 15 mass per cent at SiOz and mzoa concentrations of 35 and 15 mass
par cent respoctively, However, when the MgQO concentrat’on approaches
20 mass -pm? cent the lquidus temparature inecreases to approximately
1500%; Additions of CaO and /or MgO at this slag FSiO“ concantrai:ion
give sudden increases in slag liquidus tempe ratures, Viscoesity will
increase with marked increases in the liquidus temperature because

the super heat of the slag will be less at any paxrticulayr t:emperatum.'

When a stoichiometrle amount of fervomanganese - silicide is
used and the fluxing addition is kept constant at 40 mass pex cent,
it should be possible to optimize the manganese recovery by varying
the CaO » to « MgO ratio, This effect is shown in Figure 41 and the
maximum manganese recovery was 58 per cent, The marked decrease
in the manganese recovery i due to the increased ligquidus temperatmée
ag may be shown by congidering the quaternary Ca0 « MgO « Ale 3 "
Sioz syate‘m: Variations in the Ca0 « to «~ Mgp ratio from 7 to 1 at
this flux addition level lead to increages in the final slag lquidus
temperatures ' from ].FSOOQG to 1’75(’3“(3(84).' The MnO in the slag will
lower these lguldus temperatures but only by u very small amount.,

Vast reserves of dolomite exist in South Africa and if pogsible more

use should be made of such deposits in the metallurgical industry, Dolomitic

ore almost certainly can be blended with limestone or burnt lime to give

)
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LR TP the flux composition necessary to ensure maximum manganese :
! : : S B :
I S . vecovery and this effect has been demonstrated in the laborator '
A ~ y Y.
: i

= ; ’ However in industrial practice, the problems associated with higher

slag liquidus temperatures and hence increased losses of manganese

rebte

as manganese vapour and increased refractory wear, cannot be :

assessed at presgent,

In laboratory experiments, the calcined dolomite used was from

¥
g
§
EAN
i

the Transvaal Dolomite Series which is typical of dolomites in South

Africa, The composition of this calcine is given in Table 3 and the > o

i

ratio of the basic fluxing cnmponenté Ca0 ~to - MgO is 1, 6. Figure

S
RLESAE R T Gt AT A

4} shows that manganese recoveries achieved with fluxing additions

of 40 mass per cent of calcined dolomite are very near to the manganese

I S N S R S e L i T

recoveries obtained by varying the CaO ~ to «~ MgO ratio at constant

PRt AP

flux addition of 40 mass per cent, Only a small increase in manganese

: .

EAE ROE S R . recovery can be achieved over and above this value and thisis’

obtained by increasing the CaO « to - MgO ratio from 1,6 to 3,0 at a

e R SRR S g

level of flux addition of 40 mass per cent,

This small decrease in manganese recovery occurs over a wide '

R TR ;  range of fluxing additions waen comparisons are made between the

use of lime and calcined dolomite, This decrease is explained by the

: ~ increased slag liquidus temperatures and consequent increases in

e viscosity as well as the decrease in the activity of MnO at a particular

level of flux addition when calcined - dolomite additions are compared ;

with CaO additions, The increase in slag viscosity and decrease in the

actii'i!:y of MnO in the slag is caused by the introduction of the MgO

| SR B in the dolomite, The decline in manganese recovery with the use of

~ caleined dolomite is not severe and can be tolerated provided manganese
: el losses to the slag can be offset by favourable costs of fluxing materials i
coupled with efficient operation of the arc furnace used for the premelt

.

preparation,

When CaO and MgO are compared as fluxes it i3 apparent that CaQ

is the superior flux for the ranges of slag concentration encountered in
N '
the production of medium «~ and low ~ carbon ferromanganese, However,

the use of MgO does not substantially decrease manganese recoveries 4
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‘possibilities and the theoretical implications of the use of these alloys.

provided that not enough is used to dramatically increase the liquidus
temperatures of the slagg.' ‘Similar ‘precautions should be taken when

calcined dolomite is‘ used as a flux addition.l

— ¥ R . s i et e e R i Ao Sk it 5

6.1. 4 - Composition and Quantity.of Reducing Alloy

Various grades of medium ~ and low ~ carbon ferromanganese are produced
| industrially" These grades are specified by their concentrations of

contained manganese, carbon and silicon but generally these alloys

contain in excess of 80 mass per cent manganese and less than 2 mass

per cant silicon. As indicated in Section 6.1, 3.‘1, the silicon and

manganese distribution ratios during refining and specifications

for the refined alloy limit variations in reducing alloy compositions and

quantities,

Ferromanganese ~ silicide is the most commonly used reducing v

agent for the recovery of manganese from its ores, However, to reach the
specified composition of the final alloy. , industrial practice is to

use alloy - to - ore ratios less than the stoichiometric req‘uirements:
Consequently, in a single stage process, large amounts of manganese

are lost to the final slag whicli contains between 30 to 35 mass per

cent MnQ compared to its initial concentration of approximately 50

mass per cent MnO, When an industrial fe rromanganese - silicide
reducing alloy containing 22, 46 mass per cent silicon is reacted

with an unfluxed Mamatwan ore premelt, whose composition iskgiven ~ .
in Table 3, an alloy - to ~ ore ratio of 1to 2 is required to simulate conditions
of industrial practice whereas 6,7 to 10 corresponds to the stoichiometric

quantity of silicon necessary for reaction, ‘ !

Plant ferromanganese silicide alloys can contain up to 25 mass per cent
gilicon. The production of alloys with higher silicon contents produces
slags containing high concentrations of s&oz and the submerged ~ arc furnaces
must be operated at higher temperatures.' Howeveyr, this investigation |
made use of alloys with higher silicon contents than 25 mass per cent
as well as alloys with aluminium additions in order to extend the study

to a wider range of alloy compositions and to explore the practical
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6.1.4.1 Silicon Activities in Reducing Alloy

e P Al st

High activities of MnO in the slag and of silicon in the reducing

PR

alloy are necessary to maximise the transfer of manganese from
the slag to the alloy.’ In a single ~ stage silicothermic *eaction for the

production of medium ~ and low « carbon ferromanganese, the permisasible

T PG -

range of activities is limited by the necessity to ~rain a refined ferro =

manganese alloy which will meet market specifications,

Ferromanganese ~ silicide is the alloy used industrially for the

silicothermic process although other alloys containing silicon coulci be utilized;

¥

Industrial ferromanganese ~ silicide contains carbon and very little
data is available for activities in the ternary system Fe.Mn~Si and

apparently none for the quaternary system Fe-Mn-S5i~C.

» P . TR SEREE AU

Extensive wozk of the activity coefficients of silicon in the R o

et a e aver e KA e gy s AR b

Fe~Si system has been reviewed by Daxken(sz) and Fruchan (8 9):

Activity coefficients for silicon in the ternary systems Fe«Si-C

. and Mn~Si~C have also been obtained at carbon saturation:

ko , Comparison of the lnary Fe-Si and tevnary Fe.8i~C systems | o

indicates that at any silicon content the activity coefficient of
b | silicon is increased when carbon is introduced into the binary system

; ' o
: at 15007, At the same temperature and silicon concentration the

o

activity coefficient of silicon in carbon-saturated Mn~Si melts is much
“ ’ higher than that in carbon « saturated Fe-~8i melts,
Three values have been published for the nctivity coefficient

of silicon in the quaternary system Fe-Mn~Si.~C(61), When these values

are compared with values obtained for equivalent silicon concentration in

N 53 . . 1 s |
the Fe«Si system( ) it is noted that the respective activities are !
similar up to a silicon content of 15 mass per cent, Data relating %
to silicon activity coefficients at higher silicon content has not been

publishe d.
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6.1,4,2 High Silicon Activities and Silicon Contents

‘at a slower rate, This decrease in reaction rate is consistent with

- 121

A ‘' .

Figures 43 to 48 show the effects on manganese extraction from a
non-fluxed Mamatwan ore of variations in the alloy - to -+ ore ratio,
silicon éon’tent of the reducing ailoy and reducing alloy cOmponents.'
For a particular reducing alloy and an increased alloy - to -ore
ratio, the manganese recovery will usually increase because a higher
silicon activity is maintained throughout the r.duction reaction. As the
alloy mass is increased there will be less dilution of the alloy silicon
content at ary particular manganese recovery, and hence a smaller
decrease in the silicon atomic fractionv, gso that a higher silicon
activity will be maintained during the reaction, This is also the case
for reactions in which the silicon content of the reducing alloy is

iacreased at a fixed alloy - to - ore ratio,

Figures 44, 45, 46 and 48 show that increased manganese
recoveries are not obtained when the reducing alloys contain high
concentrations of silicon and high masgses of silicon in relation to

the mass of manganesein the slag. Similar behaviour is shown in

Pigure 49 when pure silicon is used as the reducing agent.x The decline

in nﬁanganese recovery affer the maximum recovery in each figure

is associated with poor separation of the slag and the alloy and

with a tendency for the alloy to become more spherical as shown in
Figure 50, This phenomenon cannot be ascribed to the activity of
silicon in the Fe.Mn~Si~C system as all available literature, relating to
associated alloys, show an increase in silicon activity coefficient with

concentration,

The tendency of the reducing alloy tu - -.:ome spherical must be
caused by variations in the interfacial tension between the slag and
the alloy. The interfacial tension could be altered by the formation of
a layer of gsolid silica on the surface of the al.loy: Thig solid layer
hinders the diffusion of reacting components across the slag~-metal i
interface and reduces the rate of manganese transfer between the slag
and the metal, When the reduction reactions were allowed to continue

for periods of 45 minutes, the manganese recovery increased hut i
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the hypothesis’ of the formation of a sclid layer at the slag-metal
interface which gradually dissolves.in the slag so that the reaction
continues at a reduced rate, Calculation of the conditions for the

formation of a solid layer using the equation

[s] + 2[0] = (s.iqz‘) ) 6. 5
are not possible because of the lack of data on silicon activities in
the alloy,

The decrease in munganese recovery after the maximum in the curves
has been reached is due to the combined effects of the decrease in
surface area between the alloy and the slag with the formation of an
intermediate layer between the slag and the allcy.' This effect oceurs

with increasing silicon contents in the alloy (Figuve 44), increasing alloy-

to~ore ratio (Pigure45), increasing silicon content of ferrosilicon

(Figure 46), increasing alloy-to-ore ratio of ferrosilicon (Figure48)

and increasing mass of ferrosilicon (Figure 49),

Although the effect requires much more detailed examination as is
indicated in Section 6, 3 on future wourk, it is possible takmake the
following general comments, There are two effects demonstrated by
Figures 44, 45, 46, 48 and 49 . These are that the abrupt decrease
in manganese recovery is associated with the mass of the alloy through .
an increase in the alloy~to-ore ratio (Figures 45, 48 and 49) or with

an increase in the activity of gilicon in a constant mass of alloy

(Pigures 44 and 46),

If a solid layer does form on the surface of the alloy, the effect of
increased alloy masses could well be to make this gsolid layer formation
mozre likely , becausethe stirring in the larger alloy mass may be
reduced, Ifthe gtirring in the alloy is reduced then the flux of silicon
from the bulk of the alloy to the slag.metal interface will decrease and
oxygen will diffuse into the bulk of the alloy to react and form solid
silica, The rate of formation of solid silica is greater than its rate of

dissolution in the slag.'

If the activity of silicon in the alloy is increased, then reaction 6.5

may proceed so quickly that it is not possible for the solid gilica to be
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immediately dissolved in the slag.'

These comments are highly speculative and the inability to explain
the observed phenomenon in a more quantitative manner means that

further investigation is warranted,

Figures 47 and 48 confirm that ferrosilicon  a superior reducing
alloy to ferromanganese - silicide because of the higher activity
coefficient of silicon in the ferrosilicon alloy at any silicon level, Both
the ferrosilicon and ferromanganese - silicide alloys utilized in this

L] 4 ¥ ] [ - ‘ !
investigation are industrial alloys and are saturated with carbon, The

solubility of carbon in ferrosilicon alloys decreases as manganese replaces

(58)

iron' "/, This dissolved carbon substantially increases the silicon activity

coefficient and this ¢an be shown from an analysis of previously published
data where the activity coefficient of silicon in the binary Fe-5i system
varies from 0,002 to O, 02 over the range of silicon mole fractions
from O to O, 3 while the corresponding activity coefficient values for

the ternafy Fe~Si~C system ave O, 0112 and O, 0634(53’ 54).' However,
cmﬁpara’ble data for the Fe~Mn~Si.C system are not availabie but the
present investigation indicates that lower values of the activity

coefficient will exist in the quaternary Fe-Mn-Si-C system.,

6,1,4,3 Aiuminium Gontent of Alloy

Aluminium could be used as a reducing agent together with
ferromanganese ~ silicide during the production of medium = ond low -
carbon ferromanganese without substantial increases to production costs,
provided small quantities of aluminiurn give satisfactory increases in
manganese ymlda: To assess the' effects of aluminium additions,
experiments were carvied out using increased aluminium additions to a .
reducing alley which always contained the same mass’ of silicon,

Figure 51 shows that the maunganese recovery increased dramatically
up to aluminium additions of 20 mass per cent, With increased
aluminium additions,‘ the final aluminium concent ration was below 0,3
mass par cent while the final alloy silicon concentration increased
sufficlently to produce a poor quality ferromanganese, This effect is
explained by the competition between the more thermodynamically
favourable aluminothermic reaction, As a result aluminium largely

replaces silicon as the reducing agent ., The aluminothermic

v
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reduction reaction and silicothermic reduction reactions can'he
represented by equations 6.5 and 3.5 respectively:
MnO +.2/3A1 = Mn + 1/341,0, 6.6
o ;
AG™ =.166000 4+ 20,15 T Joules (1517 to 1973 °K)

The standard free energy of formation of one mole of liquid
manganese by the silicothermic process 18AG® = «65600 + 10,85 T
Joules (1686 to 1973 °K). Thus at 1500°C the aluminotheric reaction
hag a negative standard free energy of formation of 130300 Joules
relative to one mole of liquid manganese, compared to the silicothermic

reduction reaction value of 46350 Joules.
(84)

that no appreciable increases in slag liquidus temperatures occur in

The liquidus temperature diagrams of Osborn at'al reveal
slags of the CaO~MgO~Ai203»Si02 system even at A1203 contents of

35 mass per cent, when the slag MgO content is below 5 mass per cent,

‘Figure 51 suggests that approximately 5 mass per cent or legs
of aluminium could be used to achieve higher munganese recoveries

without markedly increasing the silicon content of the alloy..'

L

6.1, 5 Stirving of Reacting Melt

The majority of the reduction reactions performed during thig study
were conducted without stirring.‘ Stirring of the reacting melt was
carried out to achieve enhanced manganese recoveries moxe quickly
and to determine the rate con:rolling step in the reaction even though
the experimental procedure made it impossible to carry out a detailed
kinetic analysis,

Stirring decreased tlie manganese recoveries when compared to the

(14)

who showed that for alloys containing low silicon concentrations, there

unstirred resction, This result conflicts with that of Daines and Pehlke

is a marked increase in the rate of manganese mass transfer between

the slag and the alloy.' This effect is shown in Figure 25,

In the present investigation, manganese recovery decreassd with

' .
increased stirring time . In addition manganese recoveries were
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generally lower with stirring,over the entire range of silicon

i s g

i  concentrations in the reducing alloy as shown in Figures52 and 53,
Only the slag phase was stirred and in theée two series of experiments,
| ’ the discrepancy in manganese recoveries between the unstirred and

b | otirred reactions was not caused by physical entrapment of the alloy

within the slag phase.

The decrease in manganese recovery with stirring is believed to be

' Y t g ' P ¥ +
: o que to a combination of two factors, When the silicothermic reaction

beging the melt temperature is suddenly raised by approximately 100%¢

(Figure 34), Although the alumina stirring rod hadl been preheated to

T e I g 0o

the initial furnace temperature prior to the beginning of the veaction,

N

a considerable temperature difference will exist between the rod and

the wmelt, If this stirring rod is introduced into the reaction muelt,

e g e e

heat is removed from the slag.alloy system paxtly by the rod. In addition,

stirring of the reacting melt afler the initial violent reaction has

st 307

subsided, ensures mowre rapid dissipation of the heat and faster cooling

of the alloy and slag.' Hence stirring enables the manganese and gilicon
b distributions to revert more rapidly to values consistent with the
furnace temperature as well as the final alloy and slag compositions, ‘ : e
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6.2 Comparison of Certain Aspects of this Study with Previous Work

Slag ~ metal relationships associated with the production of
medium - and low - carbon ferromanganese have been investigated
by Barcza(é'?).. The studies on the reactions of the slag phasz invelved
examination of the behaviour of ore and fluxes on heating, as well
as the behaviour of these components during oxidation and rediction,

A synthetic standard slag of 55 mass per cent MnO,, 35 mass per

)
rsant Cald, 5 mass per cent MgO and 5 mass per cei& Sioz was used,

The composition of this slag was based on the chemical analysis of
Mamatwan ore and limestone, The reducing agent was a plant
ferromanganese - silicide alloy containing 11,1 mass per cent Fe,

65, 6 mass pex cenl Mn, 22,4 mass per cent Si and O, 46 mass per cent C.
Barcza used synthetic premelts and thus it is possible to compare
reactions betwean an alloy and the synthetic slag to reactions between

an alloy and a premelt from naturally occurring Mamatwan ore,

Typical results for the variation in manganese recovery with
time agreed with the present study in that the reaction was rapid,
appeared to reach an apparent equilibrium within a few minutes and the
initial reaction temperature did not affect the manganese mcwery;
Howevar recoveries using the synthetic premelts were consistently
much higher than for* Mamatwan ore premeits: The Mamatwan ore

does cortaln a small amount of iron oxide which would require silicide

for it reduction but the difference in manganese recovery betweon synthetic

and natural premelts are substantial and cannot be explained in this
way; The difference in maaganese recovery is possibly due to
differences in the oxidation state of the manganese when synthetic
and natural occurring slags are compared, In natural manganese

slags the manganese is associated with oxygen as 1\1111304 when subjected

4

to oxygen partial pressures and temperatures which are inherent in the rcactmn

*

reautlcn svstt,,m.

The use of Ca0 as a flux had a much greater influence on manganesge
recoveries for expémimenbs with synthetic melts, Manganese recoveries
increased from 32 to nearly 60 mass per cont as the CaO content
in the premelt was increased from O to 30 mass pev cent, Additions

'

i

i

R L T A e 5

S T S s iy

SRy




LRy 4T Fa e B BTN ML

P |

AT S Tk AR B el

R W oo 4 HtOSSN I amd MARE r dy

i ainad

A FAMEPRE G WG

127

of more than 30 per cent CaO decreased manganese recovery.ﬁ

This decline in recovery with increased CaO addition was also
cbserved in the work in this thesis when Mamatwan ore was used and
the alloy~to~ore ratio was ! to 2. The drop in recovery occurred at

a CaO addition of 15 mass per cent or approximately 27 mass per cent

of contained CaO.

In expeximents involving the replacement of CaO by MgO at &
flux addition level of 40 mass per cent the present study shows that
manganese recovery decreases at CaO~to~MgO wratios of less than
3, Barcza's work showed a drop in manganese recovery at CaO-to-MgO
ratios of less than 1 for alloy~to-ore ratios of 1 to 2, An increase
in manganese recovery was obtained as the CaO-to-MgO ratio dropped
to L

In both studies, increasing the alloy-to-ore ratio allowed the

reduction reaction to proceed further towards completion when plant

ferromanganese - silicide was used. Variations of the silicon content

of the reducing silicide alloys produced similar decreases in manganese

(67)

reduction of synthetic premelts by pure silicon and ferromanganese -

racoveries after a maximum value, Barcza congidered the

silicide alloys containing 10, 22,5 and 30 mass per centsilicon,

The present study and that of Baveza show the same general trends
for all variations in fluxing and silicide additions, The single~stage
reactions reveal that avén for the optimum conditions, only moderate
manganese rocoveries are possible because of the establishment of
certain silicon and manganese distributions. i?‘un:thez:, for maximum
manganege recovery, the silicon content of the alloy is too high fox
the usual grades of medium « and low - carbon ferromanganese;

Both multi-stage or countercurrent reactions buotween slag and alloy are
possible processes by which manganese recoveries can be improved,
The simplest example of a multi-gtage *pro,cc'as(m)is llustrated in
Pigure §9, .
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I‘Iigh grade Inte rmadiate ' Digcard
slag premelt slag slag
LADLE 1 f - \ LADLE 2
Refined | Intermediate FeMnSi
ferromanganese Alloy Reductarnt
Figure 59, A two~stage refining process after ;Barcza@?):

By reacting the covrect slag and alloy compositions at specified
alloy.to~ore rvatios it is possible to produce a 11;gh1y refined alloy and

a discard slag with a low MnQ contentr in a two-stage refining’ process,
Ladle 2 would be used primarily for refining of alloy whilst the reaction

67)

in Ladle 1 would be to lower the final MnO content of the slag;( '

In a countercurrent reaction, a slag and a reducing alloy ave
allowed to react in a single vessel whilst the slag and the alloy flow in
opposite directions to each othey, This ensures that a glag with a
high manganese contentwill contact an alloy with a low silicon content
whilst a slag with a low manganese content will contact an alloy with
a high silicon content . Thus optimum manganege and silicon distribution
ratios will be obtained, |

Countercurrent reactions have the advantage that intermediate slag
and alloy products need not be handled, This process could be adapted to
normal plant practice far more easily than a multi~stage process which
would envolve considerable difficulties in synchronising tapping and

handling procedures in conventional ferro - alloy planta.’
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6.3 Future Worlk

1. More detailed information is required on the activities of
components in both the alloy and. slag phases associated with the
production of medium ~ and low - carbon ferromanganese to assist
it the interpretation of the mechanisms and rates of reduction of

manganese from fluxed and non-fluxed mianganese ores,

2. The diffusion of components, particularly in the alloy phase,
could have a major influence on the reaction rates, Diffusivities
of both 'manganese and silicon should be measured over the
entire composition range of ferromanganege « silicide alloys used
in ferromanganese pmduc;tion.‘

t

3. Improvements to existing practices for the production of
ferromanganese that require investigation ave the agitation of
reacting melts by gases and the use of a molten reducing alloy,

¥

4, The measuremuent of the heat of reactions for the reduction of
m aganese oxides from slags by alloys with different gilicon centents
ghould be att:empt:ed; This data would aggist in the development of

heat balances for multi-stage and countercurrent processes,

*

5,  One aspect of the present investigation considered the effect of
inereasing silicon content of the reducing alloy on the recovery of
manganese from the slag, Particular attention should be given to the
unfluxed reaction series shown in Figure 44" An extension of thisg
work would invdve fluxing this reaction series with the aim of
optimizing the fluxing additions for this range of silicon contents.
The proposed research could show an apprecisble increase in
manganese recovery at any silicon concentration, As first pointed out
by Barcza(m,) tlxis‘wouid have gignificant effects on ‘industrial
practises if a two~stage refining process were used, The primary
stage would concentrate on extrasting manganese from tha
manganese~rich melt without much aitontion to alloy refining. Tha second
stage would then refine the intermediase silicide alloy using a highe
grade slag which could be recyeled to the priiiiry stage as shown iun
Figure 59,

6, TFurther research is required on the utilizativa of reducing alloys
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containing high silicon concentrations. Thus a mechanism might
be proposed for the decline in manganese recovery at higher
alloy silicon contents and the associated sudden change in the shape

of the alloy .
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7. CONCLUSIONS

t

1. Because of the exothermic nature »f the reactions, there appeared

be no substantial increase in mangatiese recovery in the alloy phase for

Cincreaseeinthe reaction temperature from 145000 to 1600°C,

2‘.' For an alloy~to-ore ratio of 1to 2 and CaO additions of 20 mass

per cent, the manganese recovery increased by 5 mags per cent

; t
compared to the non~fluxed process,

3. When fluxing additions of CaO were increased to 40 mass per cent

there was an apparent increase in the MnO activity of the sl‘a’.g.! This

activity appeamdto decrease subsequently due to dilution effects
or increased slag liquidus temperatures caused by larger additions ‘
of CaQ, ' "

! . 9 3 N [3
4, Lower manganese recoveries were obtained for stage-wise

additions of CaO compared to reactions in which CaO had been

~incorvporated into the premelt.'

5.  Manganese recovery declined as the CaO~to-MgO ratio decreased for

- il 3 - L3 » '
any particular percentage of basic fluxing additions,

6. The replacement of CaO by MgO at high levels of flux additions
gave marked increases in slag liquidus temperatuzes and corresponding

4

decreases in manganese recovery,

' 7 Fol L 4 g g » [
7. The use of calcined dolomite as a flux did not appreciably lower
the manganese recovery obtained as compared with the use of CaO

as the fluxing component,

8, As the silicon contents of the alloys and the alloy~to~ore vatio
were increased, the recovery of manganese passed through a maximum
and subsequently c‘!ecraases:l: This decrease is associated with & chaﬁg{e
in shape of the alloy layer which becomes spherical and may be caused
by the formation of a solid layer of reaction product on the alloy
surface,

¢

9, TFerrosilicon was abetter reducing agent than ferromanganese~silicide

for a fixed silicon concentration because of its higher silicon activity,

TG T A T

W T S AT TR

vk e i 8




A Yo o

i
*
!

b e s W WP A

b oty s o e 0 il B B i

i e s S

g T L TR R

C g S

I ) : .o

; 10,  Aluminium improved manganese recoveries from a manganese-

o5 bearing slag because the aluminothermic reduction reaction occurred

i referentially to the silicothermic reactionand the apparent equilibrium

was reached at lower MnO contents in the slag,'

; 11.  Stirring of the reacting melt decreased manganese recovery from
i

the sl‘ag.’ Thiswasprobably due to moxe rapid dissipation of the heat of
the reaction leading to lower melt temperatures which are associa ed

; . C R 1
with lower manganese recoveries,

i
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APPENDIX 1

Prediction of Manganese Recoveries from Alloy Mass Gains for the

very low concentrations before reduction of MnO takes place’ .

Reduction of Manganese - Containing Slags by Silicon

Extensive use is made of the silicothermic reduction of manganese -
ciontai.ning slags in the production of medium - and low ~ carbon ferro-
manganese alloys, In this mass transfer process, the mass of the
reducing alloy increases due to the mass of the iron and manganese

extracted from the slag premelt whilst the slag basicity decreases

because of the formation of silica according to reaction 3.5, It ,

has been shown that the FeO in the slag is veduced by carbon to
| (61, 62)

During the silicothermic reduction of Mamatwan ore it was also noted x
_ that the FeO concentrations in the slag were rapidly reduced to low

levels whilst MnO reduction occured over a longer period, This

is shown in Table 10 and confirmed by Figure23 from which it may

" be concluded that the reduction of FeO by silicon is thermodynamically

more favourable than the reduction of MnQ by silicon.

Ii is therefore possible to correlate mass changes of the alloy
with the manganese recoveries from the slag pz:e:melts; Manganese : ‘ !
recovery is defined as the manganese transferred from the premelted
ore to the alloy as a function of the total manganese originally
présénf: in the premelted orve. Manganese recoveries can therefore
be calculated from a combination of the alloy mass gain and alloy
analytical resulis before and after reuction, or simply from the
equation derived from theoretical considerations using the change

in mass of the alloy,

The following derivation for manganese recovery is valid once
the FeO concentration of the slag has been reduced to its equilibrium

value with metallic manganese (about O,1 mass per cent) : f

i) Alloy Mass Loss

- Losses in alloy mass initially occur by the reduction of Fe,0,
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TABLE 10

TRANSFER OF MANGANESE AND IRON FROM SLAG TO ALLOY

DURING UNFLUXED REACTIONS
Plant alloy-to-ore ratio 1 to 2

Temp.| Time | Alloy Slag Recovery
Clmin | M% Te¥% |Mm% Te% |M% Fe %

- 1500 0,0 65,20 11,05 46,20 16,77 0,00 0,00
0,25 70,04 12,43 42,18 4,47 10,07 25,48
0,5 76,90 16,35 30,65 0,21 32,90 91,90
1,0 76,87 16,65 30,96 0,14 32,88 97,28
2,0 77,56 16,55 31,35 0,28 33,39 94,02
3,0 77,01 16,52 29,72 0,07 34,95 98,34
4,0 77,54 16,04 28,35 0,07 35,45 91,17
5,0 76,75 16,79 30,65 0,07 36,07 94,96
10,0 77,18 16,46 29,41 0,07 36,16 93,78
15,0 77,93 16,27 27,79 0,07 35,99 94,11
1550 0,0 65,20 11,05 46,20 16,77 0,00 0,00
0,25 76,11 14,80 29,88 1,68 7,94 85,50
0,5 76,98 16,08 30,26 0,49 3,28 87,58
1,0 76,44 16,46 28,72 0,21 32,28 94,02
2,0 77,15 16,62 29,18 0,14 34,40 98,62
3,0 77,30 16,48 29,18 0,14 35,14 97,70
4,0 77,05 16,52 28,48 0,14 34,82 98,62
5,0 76,59 16,51 28,19 0,14 34,29 98,62
10,0 78,77 16,48 28,87 0,14 34,19 97,78
15,00 76$84 16:4‘3 26’47 0,22 .’5.7):76 96,86

134

o it <

S s

T SRR i i o A W 112 Py AN ) i s g o e st 0 o

Sra ot

iy g e

AT e

FR e



wars A AR e Y e

& e e A A

o R R bl e

b
-
S
3
Y
£
W
B4
*
-
2
-
=

¥

»
'
»

(b) Mass gain due to the reduction of MnO

. 135

and Mn304 to FeO and MnQ without the transfer of iron or
manganese from the slag to the alloy. From the ore analyses and
the use of a standard ore mass of 25 g., the mass of silicon used
for each stage of the reduction can be calculated from atomic

weight dafa.

O,.

374

An ore premelt sample contains 1, 55 g Fe,0, and 13,116 g . Mn

The reduction reactions are:

(a) 2Fe,0, + Si = 4Fe0 + S0,  ....i.o.iii ()

273
The silicon used to reduce 1,55 g, Mn,Q  to FeO = O,137 g.

374
(b) zMn304 b S = 6MnO 4 SO,  .............(2)
The silicon used to reduce 13,116 g, Mn304 to MnO = O, 805 g; }

Silicon used in the formation of FeQ® and MnO = O, 942,

(i) Alloy Mass Gain

Alloy masgs gaing occur because of the overall transfer of iron
and manganese from the slag to the alloy, Alloy mass losses occur

because silicon is transferred from the alloy to the slag.

{a) Mass gain due to the reduction of FeO

ZFQQ N Si = 2}?@ + Sioz - o-ointo~avoa¢o;(3)
From a 25 g ore sample the transfer of iron from the slag to the
alloy is 1, O62 g. leaving a residual content of 0,09 per cent FeO

in the final slag, This residual FeO analysis is in gdo& agreement
with the results of Boronan‘kov(éz).
The alloy mass gain related to reaction (3) for the transfer of iron is:

1,062 x 83’61 =.0,795 g

7 |
At the stixt of manganese recovery, the alloy rnass loss is therefore:

««««««««««« A

O, 942 L 0,795 = 0;1417g‘cm;imcnnaao(4§)

---------

2MnO  + Si = 2ZMn 4+ §i0g ceseviis (5)

T T ST A3 R, B

Ao oY i e

et e R S AR
b ol

N P e S

3
G




A b AR e ot

o St A s R <2

FICT A —

i e A s s

S - e

4

&

Y
It
i
i
i

bt S S vt

If AMAb = observed mass‘gain of the alloy then
~ obs ~

(0,147 + AMAO

bs) = mass gain due to manganese recovery.

Considering equation (4) and the relevant atomic weights,

the mass gain of manganese is given by

A 109, 88
0,147 + AM, ) =
( obs 81,79

As the ore premelt originally contained 9, 4475 g, of manganese
the manganese recovery can be given as

~ A
; 0, 147 +AM
Manganese recovery = 1, 3434 ( ; Obs) x 100%

9, 4475

EH

14,22 (0,147 + AMA
’ ( : o'bs_) T

Comparisons of the recoveries achieved using this equation, with
recoveries determined from mass gains and analyses, are in good
agreem‘em.‘ The theoretically predicted recoveries are generally
within one per cent of the recoveries derived from analytical results
aver o range of manganese recoveries from 10 to 40 per cent as shown
in Table 11, This vesult is within the limits of the experimental error
when one considers the errors in measurament of the alloy, masg,

alloy sampling and analytical techniques,
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! :
; , | TABLE 11
PREDICTED AND ANALYTICAL~BASED MANGANESE
RECOVERY COMPARISONS ASSOCIATED WITH
UNFLUXED SILICOTHERMIC REACTIONS ;
Plant alloy~to-ore ratio 1 to 2
Temp. Time Manganese recovery based ons
e o % min Analysis % Prediction %
1500 0,25 10,33 10,07 ~ ; 8
0,5 33,16 52,90 " IR
1,0 35,63 32,88 | |
2,0 33,65 33439 R
P | 340 55,22 34,95 2
_ f | 4,0 35,77 35,44
b 5,0 35,70 36,07
10,0 52,60 36,16
: 15,0 35,10 55,99 ; ;
1550 0,25 28,22 27,94 S r
i, 0,5 32,56 32,28 !
Lo 1,0 32,54 52,28 f
[ | 240 34,72 34,40
; | 3,0 35,57 35,14
P 450 35,01 54,82
s | 540 34,88 54,29
i . 10,0 3449 54,19
- - | 15,0 34,00 33,76 |
! |
; ) :
: ; I
|
| i
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